Introduction
Diabetic mellitus (DM), a major health problem due to its high prevalence and concomitant risks of cardiovascular disease, has been identified as a major factor associated with cardiac mortality. There is currently rapid growth in the number of diabetic patients worldwide, which will potentially reach 439 million by 2030 (1); clinical, pathological and experimental studies all indicate this level of increase (2, 3) . Diabetic cardiomyopathy (DCM), as an independent cardiovascular complication of DM, is characterized by myocardial dysfunction in the absence of valvular heart disease, hypertension and coronary heart disease. Previous studies have also revealed that myocardial inflammation, lipid accumulation, oxidative stress, apoptosis and fibrosis are associated with the pathophysiology of DCM (4, 5) . Although the pathogenesis of DCM is multifactorial, oxidative stress has been recognized as a major activating factor, and it serves a pivotal role in the pathology of DCM (1) (2) (3) (4) (5) (6) (7) (8) .
Protein kinase C (PKC) enzymes comprise a family of at least 12 serine/threonine protein kinases, which serve important roles in signal transduction and intracellular crosstalk (9) . A number of previous studies have demonstrated the association of overexpression or activation of PKCβ 2 in the development and progression of DCM (10, 11) . The Shc adaptor protein family consists of P66 shc , P52
shc and P46
shc , but only P66 shc has been indicated to serve an important role as a redox enzyme implicated in mitochondrial reactive oxygen species (ROS) generation and the translation of oxidative signals into apoptosis (12) . Hyperglycemic and hydrogen peroxide stress may activate the PKCβ 2 isoform to induce phosphorylation of P66 shc at ser36, which can result in the transfer of phosphorylated (p)-P66
shc from the cytosol to the inner mitochondrial membrane, where p-P66
shc may amplify oxidative stress and catalyze ROS production via cytochrome oxidation (13) (14) (15) .
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WENCHENG ZHENG 1 Consequently, it may be hypothesized that the PKCβ 2 /P66 shc signaling pathway is associated with the pathogenesis of DCM.
Carvedilol, as a non-selective third-generation β-adrenoceptor and selective α-adrenoceptor blocker, has been widely used in the treatment of heart failure. In particular, previous studies have demonstrated that carvedilol exerts vasodilatatory, anti-oxidative stress and anti-inflammatory effects (16) (17) (18) .
In the present study, the aim was to investigate whether the PKCβ 2 /P66 shc oxidative stress-signaling pathway is associated with DCM, and to investigate the role and mechanisms of carvedilol in preserving cardiac function.
Materials and methods

Animals.
A total of 70 male 7 week old Wistar rats weighing 180-200 g were purchased from the Laboratory Animal Center of North China University of Science and Technology (Tangshan, China). Prior to the experiments, all rats were fed on a basal diet (BD) for 1 week. All experimental protocols were approved by the Animal Care and Use Committee of North China University of Science and Technology and in compliance with the Guide for the Care and Use of Laboratory Animals (19) .
All rats were housed at 22˚C under a 12-h light-dark cycle. Diabetes was induced by feeding animals a high-energy diet (HD) during the entire experimental period. Another group (n=20) of rats fed on BD (75% corn, 20% wheat bran, 3% fish meal, 1.5% farina and 0.5% salt) served as a control group. To create the high-energy diet, 20% (w/) sucrose and 20% (w/) lard were added to the BD. Following 4 weeks, diabetes was induced in rats in the HD group by a single intraperitoneal injection of streptozotocin (STZ; Abcam, Cambridge, UK) at a dose of 45 mg/kg dissolved in 100 mM citrate buffer (pH 4.5), whereas the control group rats were administered an equivalent volume of citrate buffer. Blood glucose levels were examined 1 week following STZ injection using a hand-held glucometer (Roche Diagnostics GmbH, Mannheim, Germany) by tail vein puncture blood sampling. Rats exhibiting a blood glucose value ≥16.7 mmol/l were used for the study (n=45). The diabetic rat group (DM, n=15) and the other 30 diabetic rats were treated with carvedilol [low dosage (n=15), 1 mg/kg/d (CarL); high dosage (n=15), 10 mg/kg/d (CarH); Sigma-Aldrich; Merck KGaA, Darmstadt, Germany] or vehicle (the control group received a basal diet without any drugs at this time) for 20 weeks. All rats were provided with water and food ad libitum.
Measurement of left ventricular function.
Trans-thoracic echocardiographic analysis was performed using a Vevo770 imaging system (VisualSonics, Inc., Toronto, ON, Canada) equipped with a high-frequency transducer (frequency band, 12 MHz). Images were obtained from rats anesthetized with pentobarbital sodium (1.5%; 30 mg/kg; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Left ventricular end-diastolic diameter (LVEDd), left ventricular end-systolic diameter (LVEDs) and left ventricular ejection fraction (LVEF) were measured to evaluate the function of the heart. Mean measurements were calculated for five consecutive cardiac cycles and repeated three times. Blood N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels were determined with an auto-biochemical analysis system (Roche Cobas ® C311; Roche Diagnostics, Indianapolis, IN, USA).
Measurement of biochemical factors and heart-to-body weight ratio. Blood glucose and total cholesterol were determined with the auto-biochemical analysis system (Roche Cobas ® C311). Following analysis, rats were sacrificed and decapitated, and the heart was immediately removed from each rat to determine heart-to-body weight ratio (HW/BW%).
Electron microscopy detection. Tissue (~1 mm 3 ) was obtained from the left ventricle and fixed 4˚C in 2.5% glutaraldehyde for 2 h, then prepared by the steps described previously (20) . The ultrastructural changes in the heart tissue were observed by transmission electron microscopy (FEI Tecnai G 2 
12).
Measurement of myocardium cell size. The left ventricular tissue sections were embedded in paraffin and stained with hematoxylin and eosin (H&E) as described by Frustaci (21) , and were then used for the measurement of myocardium cell size. The short-axis diameter of cardiac myocytes was measured for 10 myocytes selected per field at magnification, x400 via light microscopy. Mean values were obtained from the data on each set of 10 myocytes.
Analysis of inflammatory cytokines in serum.
Following the echocardiography measurements, blood samples were collected from the abdominal artery and serum was separated immediately using centrifugation at a speed of 3,000 x g at 4˚C for 5 min. The serum levels of tumor necrosis factor (TNF)-α (cat. no. H052) and interleukin (IL)-1β (cat. no. H002) were measured with ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.
Catalase (CAT), superoxide dismutase (SOD) and malondialdehyde (MDA) activity assays.
The CAT (cat. no. A007), SOD (cat. no. A007) and MDA (cat. no. A003) activities in heart tissue were measured via colorimetric analysis using a spectrophotometer with the corresponding detection kits (Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's protocols.
Detection of myocardium fibrosis. The cardiac tissue in paraffin-embedded sections was stained with Masson's trichrome stain. In brief, the paraffin sections (4 µm) were dewaxed and rehydrated through gradient alcohol into water. The sections were then washed with tap water and then distilled water, and Regaud's hematoxylin was then used to dye nuclei for 5-10 min at room temperature. The sections were washed with distilled water, then treated with Masson's stain for 5-10 min at room temperature. Following staining, the sections were dipped in 2% glacial acetic acid solution, then treated with 9.1% phosphomolybdate solution for differentiation for 3-5 min at room temperature. Following a further 5 min and without water washing, the sections were directly stained with aniline blue at room temperature, then dipped again in 0.2% glacial acetic acid solution, followed by dehydration with 95% and absolute alcohol, xylene clearing and neutral gum sealing. Positive staining with Masson's trichrome (fibrotic area) was observed using a light microscope at a magnification of x200, and quantified with a color image analyzer (Leica Microsystems, Ltd., Milton Keynes, UK). The ratio of fibrotic to total area was calculated to determine the extent of myocardial fibrosis.
Immunohistochemistry. Immunohistochemical analysis was performed as described previously (22), using antibodies against caspase-3 at a dilution of 1:50 (cat. no. ab13847; Abcam). The staining for caspase-3 was quantified using Image-Pro plus 6 software (Media Cybernetics, Inc., Rockville, MD, USA).
Western blot analysis. The left ventricle tissues were lysed in radioimmunoprecipitations assay buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% TritonX-100; 1 mM Na 3 VO 4 ; 1 mg/ml aprotinin, leupeptin and pepstatin; and 1 mM phenylmethylsulfonyl fluoride) and then centrifuged at 10,000 x g for 15 min at 4˚C. The bicinchoninic acid protein assay (Beyotime Institute of Biotechnology, Haimen, China) was used to examine the protein concentration. Equal quantities of protein (20 µg/lane) were separated using 13% SDS-PAGE and electro-transferred onto polyvinylidene difluoride membranes (Roche Diagnostics, Indianapolis, IN, USA). The membranes were blocked with 5% non-fat milk at room temperature for 1 h and then incubated with Statistical analysis. The statistical analyses were performed using the SPSS software package, version 18.0 (SPSS, Inc., Chicago, IL, USA); data were presented as the mean ± standard deviation. Comparisons of the data were performed using one-way analysis of variance followed by a post-hoc Bonferroni test. P<0.05 was considered to indicate a statistically significant difference.
Results
Animal characteristics. The metabolic characteristics of the rats used in the present study are provided in Table I . In the DM group, there were significantly higher blood glucose and cholesterol levels compared with in the control group (P<0.05), but there were no significant differences between the treated and untreated diabetic rats (P>0.05). HW/BW ratio was used to reflect the size of the heart. In the DM group, rats exhibited significantly lower body weight and a higher HW/BW ratio than those in the control group (P<0.05). Compared with the DM group, both the DM+CarL and DM+CarH groups exhibited significantly greater body weight and lower HW/BW ratios (P<0.05).
Carvedilol attenuates left ventricular dysfunction in DCM rats. Echocardiographic parameters and measured NT-proBNP levels are presented in Table II . The results indicated increases in LVEDs, LVEDd and NT-proBNP, and a decrease in EF% in the DM group compared with the control group (P<0.05). The DM+CarL and DM+CarH groups exhibited a decrease in LVEDs, LVEDd and NT-proBNP, and an increase in EF% when compared with the DM group (P<0.05). In turn, compared with the DM+CarL group, the DM+CarH group exhibited lower LVEDs, LVEDd and NT-proBNP, and higher EF% (P<0.05). Collectively, these changes demonstrated that the diabetic rats developed cardiac dysfunction, and that carvedilol could attenuate DM-induced left ventricular dysfunction in rats; furthermore, CarH appeared to have a more marked effect than CarL.
Carvedilol alleviates myocardium cell hypertrophy and ultrastructural changes. The myocardial structure was detected by H&E staining and transmission electron microscopy, as presented in Fig. 1A and B , respectively. As demonstrated by transmission electron microscopy, in the control group, typical symmetric myofibrils comprised of Z lines with sarcomeres exhibited an organized arrangement. Additionally, packed mitochondria adjacent to the fibers were evident. However, in the DM group rats, swollen mitochondria and an increased level of glycogen lysis were observed. Myofibrils appeared destroyed, resulting in a reduction in sarcomere units, and vacuolization was observed in the perinuclear space. Carvedilol treatment attenuated these alterations in the mitochondria, myofilaments, nuclei and Z lines, as well as glycogen lysis. The diameter of cardiomyocytes was significantly increased in the DM group compared with in the control group (P<0.05). In turn, the low and high (1 or 10 mg/kg) doses of carvedilol alleviated the diabetes-induced cardiomyocyte hypertrophy in DM rats (P<0.05; Fig. 1C ).
Carvedilol inhibits myocardial inflammation and oxidative stress. The inflammatory factors TNF-α and IL-1β were elevated in the myocardium of the DM group compared with the control group (P<0.05); whereas, decreased TNF-α and IL-1β levels were detected in the carvedilol-treated groups compared with the DM group ( Fig. 1D ; Table III ). CAT, SOD and MDA are indicators of oxidative stress. As presented in Fig. 1E and Table IV , compared with the control group, there was an increased level of MDA activity and decreased levels of SOD and CAT activities in the DM group (all P<0.05). Carvedilol treatment of diabetic rats significantly inhibited MDA activity and upregulated the activity of CAT and SOD (all P<0.05 vs. DM group).
Carvedilol attenuates cardiomyocyte apoptosis. The expression of proapoptotic protein caspase-3 was assessed by immunohistochemistry and western blotting, as depicted in Fig. 2 . Enhanced expression of caspase-3 was identified in the DM group compared with that in the control group. Notably, the immunohistochemical staining revealed that carvedilol treatment downregulated the expression of caspase-3, which was further demonstrated by the western blot analysis.
Carvedilol prevents myocardial fibrosis. As presented in Fig. 3A , positive staining with Masson's trichrome revealed apparent fibrosis in the DM group, with a diminished and disorganized collagen network structure in the myocardium, as well as the interstitial and perivascular areas. However, following treatment with carvedilol, it was observed that the dose of either 1 or 10 mg/kg was equally effective in markedly alleviating the fibrotic changes in the heart. As depicted in Fig. 3B , collagen volume fraction (CVF) was analyzed using the Image-Pro-Plus system (with CVF defined as the ratio of the positive staining area to the total myocardium area on visual inspection). Collagen type I protein is an important indicator of myocardial fibrosis. Western blot analysis of collagen I is presented in Fig. 3C . In the DM group, there was an increase of collagen I compared with the control group. Meanwhile, the diabetic rats treated with carvedilol exhibited a significantly reduced level of collagen I (P<0.05 vs. DM group).
Carvedilol suppresses the PKCβ 2 /P66
shc signaling pathway. The results of western blotting demonstrated that p-PKCβ 2 and p-P66 shc were upregulated in the DM group (both P<0.05 vs. control group). No marked differences were observed in the levels of p-PKCβ 1 between the four groups. By contrast, 1 or 10 mg/kg carvedilol induced a significant decrease in the phosphorylation of PKCβ 2 and P66 shc in the myocardium (P<0.05; Fig. 4) . Therefore, it was demonstrated that carvedilol inhibited PKCβ 2 activation, and thus PKCβ 2 -mediated P66 shc activation, in the myocardium of DM-induced rats. This indicated that the PKCβ 2 /P66
shc signaling pathway was associated with DCM in the present in vivo model.
Discussion
Results of the present study suggested that the PKCβ 2 /P66 shc mitochondrial oxidative stress signaling pathway may be associated with the development of DCM. Activated PKCβ 2 has been indicated to serve a crucial role in the pathogenesis of DCM (23) . Carvedilol, a novel third-generation non-selective β-blocker with α-receptor blockade activity, does not exhibit side-effects on glucose or lipid metabolism, which is contrasting to the first and second generation β-blockers (24) . Previous studies have demonstrated that carvedilol exerts marked improvements in cardiac performance and reduces mortality in humans (25, 26) . In recent years, there has been increasing interest in the application of carvedilol for the treatment of diabetes-associated complications.
DCM has been defined as left ventricular systolic and diastolic dysfunction in the absence of coronary heart disease, hypertension and valvular heart disease (27) , and occurs in both humans and animals. In the present study, a DCM rat model was successfully established, which was characterized by severe disorder of metabolism, cardiomyocyte hypertrophy, fibrosis, cardiac dysfunction, excessive oxidative stress and subsequent inflammation and apoptosis. These characteristics are consistent with a previous study (10) . Furthermore, it was demonstrated that long-term carvedilol administration The present data supported the protective effect of carvedilol against DCM. First, carvedilol treatment alleviated the increase in HW/BW ratio and relatively increased body weight; however, had no effect on the levels of blood glucose and cholesterol. Second, carvedilol appeared to protect cardiac function as evaluated by echocardiography and the serum level of NT-proBNP. Third, as is well established, an important hallmark of DCM is fibrosis (28). Morsy et al (29) reported that carvedilol may protect STZ-induced early diabetic nephropathy fibrosis in rats via antioxidant as well as anti-inflammatory activities. The current results demonstrated that carvedilol markedly ameliorated cardiac fibrosis and ultrastructural changes in DCM rats. Fourth, oxidative stress is defined as the imbalance between the production and elimination of oxygen-free radicals, which serve an essential role in the development of heart failure in DCM (30) . Hyperglycemia accelerates the glucose oxidation response and mitochondrial generation of ROS, which results in damage of DNA fragments and contributes to exacerbated apoptosis. The activation of PKCβ 2 may serve a crucial role in the occurrence of oxidative stress injury in DCM. Presently, the inhibition of PKCβ 2 activation by carvedilol appeared to attenuate DCM-associated myocardial injury at least partly via reduction of P66 shc . P66
shc is a redox enzyme that is implicated in mitochondrial ROS generation, mitochondrial membrane potential change, and the translation of oxidative signals into apoptosis (31) . The in vivo experiments of the current study have demonstrated that excessive P66 shc activation is associated with PKCβ 2 activation. To the best of our knowledge, the present study is the first to demonstrate an association between PKCβ 2 and P66 shc in DCM. PKCβ 1 and β 2 are two of the classic isoforms (among the α, β and γ-types) of PKC (32) . Previous studies have indicated that PKCβ 2 is preferentially overexpressed in the myocardium of patients and animals with diabetes (33, 34) . In the present study, it was demonstrated that the primary activated isoform of PKC in DCM-related oxidative stress was PKCβ 2 , and not PKCβ 1 . Thus, it is possible that a primary effect of carvedilol in DCM is inhibiting the activation of PKCβ 2 . The current study also demonstrated that inhibition of PKCβ 2 activation by carvedilol attenuated the overexpression and phosphorylation of P66 shc in DCM. The results also demonstrated that carvedilol inhibited the accumulation of MDA (an indicator of lipid peroxidation) and increased the hyperglycemia-induced downregulation of SOD and CAT (two typical primary ROS scavenging enzymes), which demonstrated that carvedilol could inhibit oxidative stress. Furthermore, the present data demonstrated that the PKCβ 2 /P66 shc oxidative stress signaling pathway may be associated with the process of DCM. It was also observed that hyperglycemia-induced myocardial injury markedly increased the serum levels of TNF-α and IL-1β (two typical pro-inflammatory cytokines), which suggested that a severe myocardial inflammation response was induced during the development of DCM. Carvedilol administration inhibited this increase in the serum concentration of TNF-α and IL-1β. Finally, in addition to ameliorating cardiac inflammation, carvedilol treatment also appeared to reduce cardiomyocyte apoptosis. Cardiomyocyte apoptosis is an important pathological change that contributes to cardiac dysfunction in DCM (35) . Caspase-3, an established pro-apoptotic protease, serves an important role in the formation of apoptotic bodies and induction of cell death. In the untreated DM group, caspase-3 was markedly elevated, while in the carvedilol treatment group, cardiomyocyte caspase-3 activity and subsequent apoptosis were reduced.
Taken together, the present study results demonstrate that the principal activated isoform of PKC in DCM may be PKCβ 2 , 
